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a b s t r a c t
The whipworm of the genus Trichuris Roederer, 1791, is a nematode of worldwide distribu-
tion and comprises species that parasitize humans and other mammals. Infections caused
by Trichuris spp. in mammals can lead to various intestinal diseases of human and vet-
erinary interest. The morphology of Trichuris spp. and other helminths has been mostly
studied using conventional scanning electron microscopy of chemically ﬁxed, dried and
metal-coated specimens, although this kind of preparation has been shown to introduce a
variety of artifacts such as sample shrinking, loss of secretedproducts and/or hiding of small
structures due to sample coating. Low vacuum (LVSEM) and environmental scanning elec-
tronmicroscopy (ESEM) have been applied to a variety of insulator samples, also used in the
visualization of hydrated and/or live specimens in their native state. In the presentwork,we
used LVSEM and ESEM to analyze the surface of T. muris and analyze its interactionwith the
host tissue using freshly ﬁxed or unﬁxed hydrated samples. Analysis of hydrated samples
showed a set of new features on the surface of the parasite and the host tissue, including the
presence of the secretory products of the bacillary glands on the surface of the parasite, and
the presence ofmucousmaterial and eggs on the intestinal surface. Field emission scanning
electron microscopy (FESEM) was also applied to reveal the detailed structure of the glan-
dular chambers in ﬁxed, dried and metal coated samples. Taken together, the results show
that analysis of hydrated samples may provide new insights in the structural organization
of the surface of helminth parasites and its interaction with the infected tissue, suggesting
that the application of alternative SEM techniques may open new perspectives for analysis
in taxonomy, morphology
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1. Introduction
Tissue-dwelling intestinal nematodes are spread
throughout the world. It is estimated that these parasites
currently infect over two billion people, causing morbidity
and debility in infected individuals, especially in devel-
oping countries, being a food safety and health problem
worldwide (Patel et al., 2009). Among the nematodes of
high interest with respect to the mechanisms of inter-
action with the host tissue are the hookworms, which
interact with their hosts by inserting cuticular teeth in the
intestinal epithelium, and the whipworms, which during
infection create an intra-tissue niche in the cells of the
large intestine (Hall et al., 2008). Whipworms of the genus
Trichuris have global distribution and comprise nematode
species that parasitize humans and other mammals
(Cafrune et al., 1999). Among these parasites, Trichuris
muris has been used as a model in parasite–mouse epithe-
lial tissue interaction studies. Alterations of the epithelial
surface induced by the presence of these nematodes have
been extensively characterized using different microscopy
techniques, where the surface analysis of nematodes
(especially in regions where it interacts with the host
cells) and of the host tissue (in host–pathogen interaction)
has been carried out mainly using scanning electron
microscopy (SEM) as a tool (Wright, 1975; Batte et al.,
1977; Tilney et al., 2005).
Identiﬁcation of nematode species is usually carried
out using light microscopy, although SEM analysis has
also been used as a complementary tool. More recently,
a combined taxonomical approach, where analysis of mor-
phological characteristicsbydifferentmicroscopymethods
is complemented by sequence analysis with different
molecular biology tools, has led to important steps towards
the consolidation of integrated taxonomical studies in
the ﬁeld of helminthology (Knoff et al., 2012). Never-
theless, it is worth mentioning that conventional SEM
analysis remains one of the most popular tools for the
structural characterization of the surface of Trichuris,
considered to contain relevant structures for both taxo-
nomical characterization (e.g., the vulvar region, the spicule
prepuce and the bacillary band) and host–parasite inter-
action studies (Wright, 1975; Gomes et al., 1992; Tenora
et al., 1993; Lanfredi et al., 1995; Robles and Navone,
2006).
Despite the wide application of SEM in the structural
characterization of biological surfaces, it has been exten-
sively shown in different models that sample preparation
and imaging strategies used in traditional approaches can
introduce artifacts that may potentially change the sample
surface, leading to the imprecise interpretation of the mor-
phological data. These include sample shrinking, leaching
of material, and loss of small structures, which can also be
hidden after the formation of relatively thick metal coat-
ing (Muscariello et al., 2005). In the case of nematodes and
the host tissue, several structures may be potentially mod-
iﬁed, lost or hidden, including the products secreted by the
parasite and the mucous secreted by the host goblet cells.
In addition, small adult worms and eggs may be lost in
the washing, dehydration and/or the critical-point drying
steps.sitology 196 (2013) 409–416
Developments in SEM technology over the past 30 years
have gone far to overcome some of the constraints on
SEMoperation and samplepreparation.Onemajor advance
was the development of scanning electron microscopes
that operate under low vacuum, allowing the visualiza-
tion and analysis of non conductive, uncoated or hydrated
samples (Shah and Beckett, 1979; Danilatos, 1981, 1988).
Two main types of instruments, so-called variable pres-
sure SEMs, are available: the low vacuum SEM (which here
will be referred to as LVSEM) that operates with a working
pressure of ∼115–130Pa in the chamber, and the environ-
mental SEM (ESEM) that operates with a working pressure
of ∼390–500Pa and usually requires the use of a Peltier
sample cooling system.
In this work, we report the use of conventional SEM
(CSEM) for analysis of ﬁxed, dried and coated samples;
LVSEM, for the analysis of ﬁxed and hydrated samples; and
ESEM for the analysis of unﬁxed samples. Field emission
scanning electron microscopy (FESEM) was also applied to
reveal the detailed structure of the glandular chambers in
critical-point dried and metal coated samples.
Analyses of chemically ﬁxed and critical-point dried
samples showed that the secretoryproducts of thebacillary
glandopeningswereextracted,whereaswhenwet samples
(ﬁxed and unﬁxed) were analyzed using both LVSEM and
ESEM, the glandular products were better preserved and
could be seen in each glandular opening in all glands ana-
lyzed. In addition, when the infected intestinal tissue was
analyzed under hydrated conditions (ﬁxed), mucous mate-
rial and large structures such as eggs were observed on the
intestinal surface, in contrast to conventionally prepared
samples. Altogether, these results suggest that LVSEM and
ESEMcanbeusedas tools for improvedanalysis ofhydrated
(ﬁxed or unﬁxed) helminth samples. CSEM is a consoli-
dated technique to study the biology of helminthes. The
possibility of analyzing hydrated samples can, neverthe-
less, open new perspectives in taxonomy, morphology and
host–parasite interaction.
2. Materials and methods
2.1. Ethics statement
The parasite life cycle was maintained in the Otto
Wucherer Helminth Biology Laboratory and all animal pro-
tocols were approved by the Ethics Committee for Animal
Experimentation of the Health Sciences Center of Federal
University of Rio de Janeiro, under the Protocol IBCCF 149,
according to Brazilian federal law (Law 11,794/2008, reg-
ulated by Decree 6,899/2009), based on the “Guide for
the Care and Use of Laboratory Animals” prepared by the
National Academy of Sciences, USA, and the “Australian
Code of Practice for Care and Use of Animal for Scientiﬁc
Purpose.” All animals received humane care in compliance
with the above-mentioned guides used by the Ethics Com-
mittee to approve the protocol.2.2. Experimental infection
Eggs from the T. muris Edinburgh strain were pro-
vided by Dr. Francisco Bolas (Universidad Complutense de
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adrid), were washed twice in dechlorinated water and
ncubated at 28±2 ◦C for 45 days. Ten L aliquots were
ounted and the percentage of embryonated eggs was
stimated by light microscopy. Two hundred embryonated
ggs, in 0.3mL of dechlorinated water, were adminis-
ered orally to ten laboratory-bred Swiss mice aged 4–6
eeks. Imunomodulation was carried out with 50L of
examethasone sodium phosphate (8mg/mL) and dexa-
ethasone acetate (10mg/mL) after seven, nine andeleven
ays post-infection. After 45 days of infection, the mice
ere euthanized (in a CO2 chamber), necropsied and the
nfected tissue of the large intestine (cecum) was recov-
red. The average infection was around 80 worms/infected
ice. All experiments described in this work were per-
ormed on samples of the cecum tissue of Swiss mice
nfected with T. muris.
.3. Conventional scanning electron microscopy (CSEM)
Three fragments of the infected cecum from different
ice and 20 nematodes were gently removed with the aid
f a roundbrush (#4) and immediately transferred to a tube
ontaining a ﬁxative solution that consisted of 2.5% glu-
araldehyde; 4% freshly prepared formaldehyde in 0.1M
acodylate buffer, pH 7.2. Samples were ﬁxed for 1h at
oom temperature and 12h at 4 ◦C. Samples were then
ubsequently washed in 0.1M cacodylate buffer, pH 7.2;
ost-ﬁxed in 1%OsO4 and0.8%K3Fe (CN)6;washed in 0.1M
acodylate buffer, pH 7.2; dehydrated in a graded ethanol
eries (20–100◦ GL) for one hour each step; critical-point
ried in CO2; mounted on metallic stubs and coated with
old (20–25nm deposited). The samples were examined
nder Jeol JSM-5310 and FEI Quanta 250 scanning electron
icroscopes, both operating at 25–30kV and a pressure of
–8×10−4 Pa.
.4. Field-emission scanning electron microscopy
FESEM)
Ten nematodes were prepared as for the CSEM. The
hickness of the gold coat was 3–5nm Samples were ana-
yzed using a Jeol JSM-6340F microscope, operating at 5 kV
.5. Low vacuum scanning electron microscopy (LVSEM)
Nematodes (approx. 50 specimens) and three infected
issues from different mice were ﬁxed as for the CSEM,
ashed in 0.1M cacodylate buffer, pH 7.2, and mounted on
etallic stubs with conductive liquid silver paint (PELCO®)
nd immediately observed under an FEI Quanta 250 LVSEM
perating at 25–30kV and pressure of 115–130Pa
.6. Environmental scanning electron microscopy (ESEM)
Nematodes (approx. 70 specimens) and four infected
issues from different mice were quickly washed in pure
ater and mounted on concave metallic stubs and directly
bserved under a Quanta 250 SEM operating at 25kV, with
ressure controlled by water vapor of 390–500Pa, at 5 ◦C
nd humidity of 80–100%.sitology 196 (2013) 409–416 411
3. Results
3.1. Structural organization of the surface of the bacillary
band
Observation of nematodes using CSEM, LVSEM and
ESEM showed a characteristic bacillary band in the cutic-
ular surface of T. muris. This was restricted to the anterior
region of the ventrolateral face, a characteristic feature of
the Trichuris genus. This structure, however, presented a
different morphological aspect depending on the sample
preparation method applied and imaging condition used.
CSEM analysis of the cuticle surface (on dried samples)
showed cuticular inﬂations bordering part of the bacillary
gland region (Fig. 1A), and the bacillary gland openings as
pores (Fig. 1B). When ﬁxed/hydrated samples were ana-
lyzed using the LVSEM, collapsed cuticular inﬂations were
observed (Fig. 1C and D). Hydrated unﬁxed samples (in
close-to-native conditions) observed in the ESEM showed
a turgid aspect running along the extension of the anterior
regionof theparasite (Fig. 1E).Nevertheless, cuticular inﬂa-
tions in these preparations presented a collapsed aspect
(Fig. 1F).
In contrast to other nematodes, the anterior region
of the cuticle of Trichocephalida nematodes presents a
bacillary band, a specialized region that contains several
glands (bacillary glands) and cuticular pores associated
with their openings. When CSEM was used to analyze
chemically ﬁxed and dried parasites, these openings were
observed as pores without a secretory product (Fig. 2A),
although a few pores containing the secretory product
could eventually be seen (Fig. 2A inset). Folding of the cuti-
cle surface was also observed in the whole extension of the
bacillary band (Fig. 2A, inset). In ﬁxed/hydrated samples
analyzed at higher magniﬁcation using the low vacuum
mode, shrinking of portions of the nematode body was
observed, although all bacillary gland openings were ﬁlled
withanamorphousmaterial andpresentedaprojectedpat-
tern (Fig. 2B, inset). Unﬁxed nematodes analyzed in the
ESEM did not present a characteristic shrinking (Fig. 1E)
when compared to ﬁxed samples analyzed under low vac-
uum, and showed a similar overall shape when compared
to critical-point dried samples prepared for CSEM. In the
environmental mode, it was also possible to identify the
amorphous material (presumably the secretory products)
projecting from the glandular openings (Figs. 1E and 2C).
A detailed observation of the glandular openings in chem-
ically ﬁxed, dried and coated samples by FESEM showed
that globular structures organized in clusters were present
inside the bacillary gland chambers (Fig. 2D). Although
chemical ﬁxation and the subsequent steps for conven-
tional sample preparation for SEM were used, the partial
extractionof theamorphousmaterial (previously seenboth
byLVSEMandESEM) favored thevisualizationof structures
located within the gland cavity (underneath the amor-
phous material).3.2. Interaction of Trichuris muris with cecum of the host
CSEM analysis of the infected tissue (in critical-
point dried samples) showed the anterior region of the
412 E.J. Lopes Torres et al. / Veterinary Parasitology 196 (2013) 409–416
Fig. 1. Adult specimens of Trichuris muris: (A) CSEM of the anterior region showing the bacillary band (arrows) on the ventrolateral surface. (B) Cuticular
inﬂation and the bacillary gland openings presenting a pore-shaped structure (arrowhead). (C) LVSEM of the anterior region of the parasite body showing
the bacillary band with collapsed cuticular inﬂations (arrows). (D) Detail of the cuticular surface and collapsed cuticular inﬂations (arrows). (E) ESEM of
the anterior region, showing the bacillary band with bacillary glands presenting a prominent pattern. Bb, Bacillary band. (F) Collapsed cuticular inﬂations
(arrows) and bacillary gland openings. Scale bars: A: 100m, B: 10m, C: 100m, D: 10m, E: 100m and F: 30m.
E.J. Lopes Torres et al. / Veterinary Parasitology 196 (2013) 409–416 413
Fig. 2. Bacillary band of adult specimens of Trichuris muris: (A) CSEM of the surface of the bacillary band, showing the bacillary gland pores, Inset: Detail of
two bacillary gland openings, one ﬁlled (arrowhead) with a glandular content and the other as a pore-like structure. (B) LVSEM of the ventro-lateral surface
showing the bacillary band with bacillary glands, inset: Detail of the bacillary gland opening presenting a projected pattern. (C) ESEM of the bacillary glands
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cresenting a prominent pattern. (D) FESEM of the bacillary gland, showing
0m, inset 5m, C: 10m and and D: 1m.
ematodes inserted in the epithelium of the host intestine
nd a free posterior region (beginning in the parasite dock-
ng site) in the lumen proper. A projection of the epithelial
ells towards the intestinal lumen was observed in the
egionswhere the parasitewas present (Fig. 3A). The crypts
f Lieberkuhn presented a honeycomb aspect (Fig. 3A and
) and the surfaceof themucosa that covered thenematode
howed blister-like deformations (Fig. 3B).
In contrast to samples submitted to CSEM (both
reparation and observation conditions), analysis of
xed/hydrated infected tissues by LVSEM showed a large
mount of mucous material on the surface of the epithe-
ium. The posterior region of the parasite body, previously
een as a free region in CSEM, appeared as a partially
mbedded structure in the mucous layer (Fig. 3C). The
resence of prominent quantities of mucous was espe-
ially found in epithelium folds (Fig. 3D). In addition, this
pproachallowed theobservationof theeggson theepithe-
ium surface, rarely seen when CSEM prepared samples are
nalyzed. Crypts of Lieberkuhn and goblet cell pores were
lso observed in this sample, suggesting that this approach
ay provide a better preservation of the tissue (Fig. 3End F).
Unﬁxed infected intestinal tissue was also observed
sing the environmental mode. Analyses of freshly
ollected material showed nematodes inserted in thember ﬁlled with globular structures. Scale bars: A: 10m, inset 1m, B:
intestinal tissue, as before, but totally coveredwithmucous
material. Blister-likedeformationswereeventually seenon
the tissue surface (Fig. 3G). Nevertheless, observation of
turgid cells on the intestinal tissue surface was more pro-
nounced in ESEM analysis, suggesting a solid compromise
between resolution and sample preservation (Fig. 3H).
4. Discussion
Thestructureof the surfaceofnematodesof theTrichuris
genus has been widely explored by means of different
microscopy techniques (Shefﬁeld, 1963; Wright, 1968,
1975; Jenkins, 1969; Wright and Chan, 1973; Batte et al.,
1977; Tilney et al., 2005). In the case of scanning electron
microscopy, the topographic characterizationof the cuticu-
lar surface of T. vulpis, T. myocastoris, T. suis and T. muris has
been performed essentially in critical-point dried samples
analyzed under high vacuum (Wright, 1975; Batte et al.,
1977; Tilney et al., 2005). Here, we analyzed the surface
of T. muris and the infected host tissue by means of a col-
lection of SEM modalities (as well as sample preparation
conditions) and compared the efﬁciency of each method in
the identiﬁcation of surface characteristics of the parasite
and the host tissue.
In general, a speciﬁc combination of sample prepa-
ration techniques and imaging conditions resulted in an
414 E.J. Lopes Torres et al. / Veterinary Parasitology 196 (2013) 409–416
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mproved preservation of the sample characteristics, dif-
ering to a lower or higher extent from the previous
nformation generated from critical-point dried samples.
or instance, previous characterization of live or ﬁxed
critical-point dried) nematodesby light and scanningelec-
ron microscopy, respectively, have suggested that the
uticular inﬂations present in the cuticular surface of the
arasites may present semi-spherical (Batte et al., 1977),
rater-like or sucker-like organization patterns (Wright,
975; Zaman, 1984). Our results showed that depending on
he sample preparation and imaging condition, this struc-
ure may present a turgid aspect (semi-spherical pattern)
r crater-like morphology. Nematodes gently removed,
reshly ﬁxed, and critical point dried following a ﬁne
ontrol in the substitution conditions were shown to con-
ain semi-spherical cuticular inﬂations. However, it is not
ncommon to ﬁnd cuticular inﬂations with a crater-like
orphology in critical point dried samples, since, depend-
ng on the experimental conditions, preparations may
resent critical point drying artifacts. As samples observed
sing the LVSEM (of ﬁxed hydrated samples) and ESEM (of
nﬁxed samples), presented a crater-like morphology, we
elieve that this is a result of a compromise between the
eneﬁts of imaging hydrated samples and the dehydration
hat occurs during imaging due to the microscope resid-
al vacuum. In this regard, the massive shrinkage of the
arasite body seen when ﬁxed nematodes were observed
nder low vacuum, suggest that this imaging condition is
ore adequate for the analysis of dried, uncoated samples.
maging of unﬁxed samples in the environmental mode,
n the other hand, did not show any perceptible overall
ody shrinkage during the initial steps of image acquisition
images generally revealed a turgid aspect of the nema-
ode body), although more sensitive structures such as the
uticular inﬂations presented a collapsed aspect. Neverthe-
ess, in such conditions the parasites presented an overall
mproved preservation that can be attributedmainly to the
ne control of the temperature and humidity within the
icroscope chamber.
Another interesting observation was the organization
f the glandular openings in nematodes submitted to each
ethod. Previous studies have suggested that the openings
f the bacillary glands exist as empty pores spread over
he entire surface of the bacillary band (Shefﬁeld, 1963;
right, 1968, 1975; Jenkins, 1969;Wright and Chan, 1973;
atte et al., 1977; Tilney et al., 2005), although the pres-
nceof small circular elevatedbodies in glandular openings
as also been suggested (Zaman, 1984). Here, CSEM anal-
sis showed that most of the bacillary gland openings
resented empty chambers (pore phenotype) and the pro-
ected pattern was less frequently seen. Analysis at low
ig. 3. Cecum of Swiss mice infected with Trichuris muris: (A) CSEM of the anter
nd posterior region in the lumen of the cecum (arrowhead). (B) The mucosal
eformations in the region where the nematode is covered by the epithelium (ar
n a wrinkled cecal mucosa and mucous (arrow), posterior region of the lumen
D) Nematodes inserted in one mucosal fold (arrow), showing more mucous (Mu
ollapsed egg (e). (F) Detail of the mucosa surface, showing goblet cell pores (arr
ecal mucosa with a blister-like deformation on the mucosa surface (arrowhead
arrows) and deformation that may have been caused by the presence of T. mu
00m.sitology 196 (2013) 409–416 415
vacuum and environmental mode showed that all glan-
dular openings presented a projected pattern, suggesting
that the secretionproductsmayhavebeenwashedout dur-
ing sample preparation steps used in CSEM. Although we
believe that the successive steps of dehydration and critical
pointdryingare themaincauseof extraction, aswe inferred
preservation by evaluating empty or ﬁlled patterns, we
cannot rule out the possibility of a mild extraction during
chemical ﬁxation. Considering that this is a nematode that
interacts with the host intestine and that these products
mediate this interaction, being essential to modulate the
host’s immune system, it is important to have tools that
allow the observation of such structures in a close-to-the-
native state, so that the secretion products can be imaged
and the activity of the glands evaluated in situ. Neverthe-
less, despite the clear disadvantage of removing secretion
products during sample preparation for CSEM, analysis of
“empty” glands at higher resolution by FESEM showed
globular structures inside thebacillary glandchamber, sup-
porting our previous observation in the bacillary glands of
T. thrichomysi (Lopes Torres et al., 2010). This suggests that
the structural characterization of the glands may be more
efﬁcient when combined SEM approaches are used.
The semi-rigid cuticle that covers the entire body and
the initial and terminal part of the digestive tube pro-
vides surface stability and resistance to topographic studies
under environmental conditions. As the cuticular surface
is the site where all taxonomic characteristics are found,
SEManalysis of hydrated samplesmaypotentially generate
additional information that, when combined with molecu-
larbiologydata,mayprovidegrounds for theestablishment
of integrated taxonomical studies.
From the host point of view, it has been described that
the presence of the parasite induces a series of lesions on
the surface of the intestinal epithelium,which can be easily
seen in different samples prepared for CSEM (Batte et al.,
1977; Tilney et al., 2005), and modulates the physiological
activity of thehost tissue. In this regard, it is known that dif-
ferent parasites induce the production ofmucous by goblet
cells present in the intestine, although the structural corre-
lation with functional and physiological data has not been
achieved with CSEM analysis. Here we showed that this is
mainly due to the extraction of the mucous content dur-
ing sample preparation, since LVSEM and ESEM analysis of
freshly collectedﬁxedorunﬁxed intestines showsa consid-
erable amount of mucous that both protects the epithelial
surface and interacts with the parasite surface.
Taken together, our results show the importance of
studying the nematode surfaces and their parasitic niches
by different SEM techniques, mainly using preparation
methods that enable analysis of hydrated samples. Each
ior region of the nematode covered with wrinkled cecal mucosa (arrow)
surface showing the crypts of Lieberkuhn (arrows) and the blister-like
rowhead). (C) LVSEM of the anterior region of the nematode embedded
of the cecum (arrowhead) and of the mucosal surface showing eggs (e).
). (E) The mucosal surface showing the crypts of Lieberkuhn (arrow) and
ows). (G) ESEM of the anterior region of the nematode embedded in the
). (H) Mucosa surface covered with mucous (Mu), showing turgid cells
ris (arrowhead). Scale bars: A–D: 500m; E: 300m; F: 100m; G–H:
ary Para416 E.J. Lopes Torres et al. / Veterin
technique is complementary to the other, and a multi-
technique approach may provide a better visualization of
live nematodes and their interaction with their hosts.
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